Exploring the role of competition induced by non-vaccine serotypes for herd protection following pneumococcal vaccination by Masala, GL et al.
Masala, GL and Lipsitch, M and Bottomley, C and Flasche, S (2017)Exploring
the role of competition induced by non-vaccine serotypes for herd protection
following pneumococcal vaccination. Journal of the Royal Society Interface,
14 (136). ISSN 1742-5689
Downloaded from: http://e-space.mmu.ac.uk/622476/
Version: Published Version
Publisher: The Royal Society
DOI: https://doi.org/10.1098/rsif.2017.0620
Usage rights: Creative Commons: Attribution 4.0
Please cite the published version
https://e-space.mmu.ac.uk
rsif.royalsocietypublishing.org
Research
Cite this article: Masala GL, Lipsitch M,
Bottomley C, Flasche S. 2017 Exploring the
role of competition induced by non-vaccine
serotypes for herd protection following
pneumococcal vaccination. J. R. Soc. Interface
14: 20170620.
http://dx.doi.org/10.1098/rsif.2017.0620
Received: 25 August 2017
Accepted: 11 October 2017
Subject Category:
Life Sciences–Mathematics interface
Subject Areas:
computational biology
Keywords:
pneumococcus, vaccination,
serotype competition, herd protection
Author for correspondence:
S. Flasche
e-mail: stefan.flasche@lshtm.ac.uk
Electronic supplementary material is available
online at https://dx.doi.org/10.6084/m9.
figshare.c.3911881.
Exploring the role of competition induced
by non-vaccine serotypes for herd
protection following pneumococcal
vaccination
G. L. Masala1,2, M. Lipsitch3, C. Bottomley1 and S. Flasche1
1Centre for Mathematical Modelling and Infectious Diseases, Department of Infectious disease Epidemiology,
London School of Hygiene and Tropical Medicine, Keppel Street, London WC1E 7HT, UK
2School of Computing, Electronics and Mathematics, University of Plymouth, Plymouth, UK
3Center for Communicable Disease Dynamics, Department of Epidemiology, Harvard T. H. Chan School of Public
Health, Boston, Massachusetts
SF, 0000-0002-5808-2606
The competitive pressure from non-vaccine serotypes may have helped
pneumococcal conjugate vaccines (PCVs) to limit vaccine-type (VT) serotype
prevalence. We aimed to investigate if, consequently, the indirect protection
of vaccines targeting most pneumococcal serotypes could fall short of the pro-
found effects of current formulations.We compared three previously described
pneumococcal models harmonized to simulate 20 serotypes with a combined
pre-vaccination prevalence in children younger than 5-years-old of 40%. We
simulated vaccines of increasing valency by adding serotypes in order of
their competitiveness and explored their ability to reduce VT carriage by 95%
within 10 years after introduction. All models predicted that additional valency
will reduce indirect vaccine effects and hence the overall vaccine impact on
carriage both in children and adults. Consequently, theminimal effective cover-
age (efficacy against carriagevaccine coverage) needed to eliminate VT
carriage increased with increasing valency. One model predicted this effect
to be modest, while the other two predicted that high-valency vaccines may
struggle to eliminate VT pneumococci unless vaccine efficacy against carriage
can be substantially improved. Similar results were obtained when settings
of higher transmission intensity and different PCV formulationswere explored.
Failure to eliminate carriage as a result of increased valency could lead to over-
all decreased impact of vaccination if the disease burden caused by the added
serotypes is low. Hence, a comparison of vaccine formulations of varying
valency, and pan-valent formulations in particular, should consider the
invasiveness of targeted serotypes, as well as efficacy against carriage.
1. Background
Streptococcus pneumoniae is a bacterium that commonly colonizes the nasopharynx,
in particular among children. There are over 90 pneumococcal serotypes that differ
in their polysaccharide capsule. The capsule has been found to be the major deter-
minant of a serotype’s epidemiology as it effects the host’s ability to clear the
pneumococcus and the probability that colonization leads to pneumococcal dis-
ease [1,2]. In comparison to colonization, pneumococcal disease is rare but can
include otitis media, pneumonia, bacteraemia or meningitis and aggregates to a
major public health burden [3]. In 2000, the first pneumococcal conjugate vaccine
(PCV), which provided protection against seven of the most pathogenic pneumo-
coccal capsular serotypes, was licensed and recommended for immunization of
infants in the USA [4]. Subsequently, 10- and 13-valent formulations have been
licensed and are now being used to prevent pneumococcal disease in more than
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130 countries worldwide [5–14]. The incidence of carriage and
disease associated with vaccine-type (VT) serotypes declined in
vaccinated children, and also in unvaccinated children and
adults, after PCVs were introduced into national immunization
programmes [15]. However, the overall prevalence of
pneumococcal carriage remained approximately constant as
non-vaccine-type (NVT) serotypes, i.e. serotypes not targeted
by the vaccine, filled the ecological niche [16]. The increaseddis-
ease from these serotypes has partially offset the benefit of
pneumococcal vaccination [15,17,18]. As a result, pneumococ-
cal vaccines that target more or all serotypes are being
developed [19].
Previous work has suggested that the competition between
VT and NVT serotypes plays an important role in the herd
protection observed in the post-PCV era [20–22]. In particular,
by reducing acquisition of VT carriage, PCVs give NVTs a
competitive advantage over VTs in the nasopharynx. Thus, in
vaccinated populations, the presence of NVT in vaccinated
hosts provides additional competitive pressure, which com-
bines with the immune protection afforded by the vaccine, to
suppress VT colonization. Moreover, at the population level,
there is competition between VT and NVT in non-vaccinated
hosts, and also the spread of VT is likely inhibited by compe-
tition from NVT in non-vaccinated people. In each of these
cases, themechanisms of competitionmight includedirect com-
petition in the nasopharynx [23], induction of innate immune
effectors by NVT that also inhibit VT [24] and induction of
forms of acquired immunity that also inhibit VT, such as Th17-
based and antibody-based immunity to conserved antigens
[25–27]. For high-valency pneumococcal vaccines, including
those that target proteins common to most pneumococci [19],
this hypothesis implies that levels of indirect protection in
unvaccinated individuals could fall short of the profoundeffects
that have been observed with the routine use of conjugate vac-
cines. This would result from effectively losing the benefit of
NVT competition and applies even to vaccines with similar
vaccine efficacy against pneumococcal carriage and disease.
In this paper, we explore three previously developed
dynamic modelling approaches for pneumococcal ecology as
to whether they predict a similar qualitative contribution of
NVT competition to the indirect effects of pneumococcal vacci-
nation. We harmonized key model parameters that govern
vaccine efficacyandpneumococcal epidemiology in the absence
of vaccination and explored various vaccine scenarios to better
understand the role of competition in providing protection.
2. Material and methods
2.1. Models
The model by Bottomley et al. [21] (M_B) is a deterministic model
that represents the pre-PCV steady state of pneumococcal infections
in the Gambia. It was used to predict the impact of introduction of
PCV13 into the childhood vaccination programme and is fitted to
local longitudinal pre-vaccination carriage data. Serotypes are
grouped into low, medium or high transmissibility (the probability
of onward transmission, given a potentially infectious contact) and
high, medium or low clearance rate (the reciprocal of the duration
of carriage). Serotypes within the same group share the same prop-
erties. Pneumococcal carriers are assumed to gain partial immunity
against acquisition of new serotypes during the episode of carriage,
which represents the mechanism of serotype competition. A pro-
portion of clearances leads to lifelong immunity against the
cleared serotype,which balances competitive advantages to sustain
serotype diversity. The default model parametrization is the same
as reported in the original manuscript.
The model by Cobey & Lipsitch [28] (M_CL) is an individual-
based model that represents a generic high-income setting.
Serotypes differed by their intrinsic duration of carriage and their
in vivo competitive ability. Pneumococcal carriers are assumed to
gain partial protection, quantified by the competitive ability of
the resident type, against acquisition of additional serotypes
during the episode of carriage. This represents the mechanism of
competition. Following clearance, the host’s susceptibility to any
subsequent homologous acquisition as well as the duration of
any subsequent carriage episode is reduced. The strength
of acquired immunity that reduces carriage duration was fitted to
observations from a longitudinal carriage study in infants [29].
Serotype-specific immunity accentuates within-serotype compe-
tition, thus providing balancing selection on serotypes, and
acquired immunity independent of capsule reduces fitness differ-
ences. The simulations presented in this work rely on the default
model parametrization. This includes homogeneous mixing, the
default rate of acquisition of capsular immunity (s ¼ 0.3) and
the default rate of acquisition of non-specific immunity assuming
nonlinear reduction in carriage duration (e ¼ 0.25).
The model by Flasche et al. [20] (M_F) is an individual-based
model that generalizes the most commonly used deterministic
pneumococcal model [22,30,31]. It represents a generic high-
income country setting. Serotypes differ by their intrinsic duration
of carriage. Duration of carriage and susceptibility to acquisition
decline with age but are exposure-independent. The acquisi-
tion of a pneumococcus triggers both a transient homologous
immune response, which represents serotype competition, and a
transient heterologous immune response, which represents the
mechanism to ensure serotype coexistence. Both immune responses
are assumed to prevent additional acquisition of respective sero-
types. Unless mentioned otherwise, the simulations presented in
this work rely on the default model parametrization, i.e. the dur-
ation of specific and non-specific immunity was nine and 18
weeks, respectively.
While there was no formal model selection process, we
included dynamic models that simulate serotype competition,
that have been used to assess vaccine impact and that span most
of the range of alternative assumptions on serotype competition
and natural immunity. In particular, M_F is a generalization of
the most commonly used compartmental modelling approaches
and therefore those approaches were not included [30–38]. An
overview of the different modelling approaches in this study is
shown in table 1. The main differences between models, in regard
to this work, are the assumptions on acquired immunity and the
resulting mechanisms for competition and serotype coexistence.
2.2. Analyses
We harmonized models to simulate 20 artificial serotypes with a
combined pre-vaccination prevalence in children younger than
5 years old of 40%, approximating a high-income setting with
moderate transmission, or 70%, approximating a low-income set-
ting with high transmission intensity. In M_B, serotypes were
evenly distributed between the three classes, i.e. seven, seven
and six serotypes of low, mid and high transmission intensity,
respectively. For each model, parameters governing transmission
intensity were scaled to achieve the desired prevalence. In M_F,
changing the transmission intensity alone was insufficient to
achieve the targeted 70% prevalence as the acquired immunity
on infection was too strong and long lasting to permit such high
levels of carriage prevalence [20]. Hence, once the effects of increas-
ing the transmission intensity saturated, it was kept constant and
the duration of specific and non-specific immunity were sub-
sequently decreased to six and 12 weeks, respectively, to achieve
the targeted prevalence. As M_B was not age structured, we split
all compartments into a less than 5 year old and a 5 years and
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older compartment retaining all original parameters and constant
rate of transition between the strata such that the mean time spent
in the less than five stratum was 5 years. To minimize the effects
of stochasticity, M_CL was run 10 times and mean values are pre-
sented. Stochastic variability on presented outcomeswas too small
to visualize in the figures so it was omitted. The Simpson index
was calculated as a measure of serotype diversity [40].
We explored two vaccines with alternative compositions.
Firstly, we compared generic vaccines of increasing valency
where serotypes are included in order of their competitiveness.
Modelled serotype M1 is the strongest competitor, indicated in
all models by the highest prevalence in the pre-vaccine era, and
M20 the lowest. Note that the serotype names do not correspond
to the numbering conventionally used for pneumococcal sero-
types. Secondly, to approximate PCV7, PCV10, PCV13 and
PCV15, we modelled inclusion of serotypes into the vaccine in
respect of their observed paediatric prevalence rank in global car-
riage (private communication with Olivier Le Polain 2017). For
example, PCV7 targets serotypes 4, 6B, 9 V, 14, 18C, 19F and 23F
which are the 18th, 2nd, 6th, 5th, 11th, 1st and 3rd most prevalent
serotypes globally. Hence, the PCV7-like vaccine in this work tar-
gets model serotypesM1,M2,M3,M5,M6,M11 andM18 (table 2).
Serotypes of a lower rank than 20 were not included because the
models only consisted of 20 serotypes. We did not consider the
23-valent pneumococcal polysaccharide vaccine as it is not
licensed for use in children and does not confer protection against
pneumococcal carriage.
M_B and M_F assume that immunity, including vaccine-
induced immunity, acts as all-or-nothing immunity (individuals
are either immune or not) while the Cobey and Lipsitch model
assumes immunity is leaky (individuals gain partial immunity).
The models were run to predict the impact of vaccination against
each targeted serotype [41]. This assumed 100% vaccine coverage
(the proportion of the target population who are immunized)
and 55% vaccine efficacy (the reduction in the rate of colonization
of a vaccinated compared with an unvaccinated person). Also,
the models were run to predict the effective coverage needed
to achieve elimination of VT carriage. We defined effective cover-
age as vaccine efficacy times vaccine coverage. In the two models
that assume all-or-nothing vaccine protection, this is equivalent
to the fraction of the population that is protected by vaccination,
in the M_CL, we assumed 100% population coverage and vary-
ing vaccine efficacy. We defined elimination of VT carriage as a
reduction in VT carriers of 95% or more. The impact of vacci-
nation is measured as either the percentage reduction in the
number of VT carriers or alternatively with any serotype, in
year 10 after the start of vaccination if compared to the year
before vaccination (steady state). We choose to report only the
vaccine impact after 10 years of PCV use as for this work
we were only interested in potential qualitative differences in
predictions in the mid to long term after vaccine introduction.
3. Results
Models differed in the proportion of children among the simu-
lated population. M_B assumed an age distribution based on
the Gambia and hence that children younger than 5 years old
make up 20% of the total population. In both other models
that represent high-income countries, the corresponding pro-
portion was 5% (figure 1). Pneumococcal carriage prevalence
was almost evenly distributed across serotypes in M_F and
dominated by fewer serotypes in M_CL. The Simpson indices
in children were 0.871, 0.845 and 0.885 in the moderate trans-
mission scenario for M_B, M_CL and M_F and 0.925, 0.862
and 0.927 in the high transmission scenario. In individuals
older than 5 years, the predicted prevalence varied between
the models (in children less than 5 years, it was fixed at 40%
or 70%; figure 1). Carriage prevalence decreases with age
except for M_B which was originally designed to be age-
independent and hence uses the same parameters for both
age groups.
In the moderate transmission scenario, the vaccine impact
against VT carriage 10 years after the start of vaccination of a
Table 1. Summary of the main features of each model of pneumococcal transmission.
Bottomley et al. [21] Cobey & Lipsitch [28] Flasche et al. [17,20,37,39]
model type compartmental individual-based individual-based
demographics Gambia high-income country high-income country
mixing patterns homogeneous homogeneous age-assortative
natural immunity as
a result of
infection
non-speciﬁc: transient immunity
for the duration of infection
anticapsular: chance to develop
permanent homologous
immunity
non-speciﬁc: permanent increase in clearance
rate, transient reduction in acquisition rate
for the duration of infection
anticapsular: permanent reduction in
susceptibility to homologous infection
non-speciﬁc: transient immunity to
heterologous infection
anticapsular: additional transient
immunity to homologous infection
other: exposure-independent
reduction of susceptibility and
carriage duration with age
vaccine-induced
immunity
like anticapsular natural
immunity but higher chance
for protection
like anticapsular natural immunity but stronger
protection
like anticapsular natural immunity
but longer protection
Table 2. PCV formulations and the ranks of each serotype in terms of its
global prevalence according to a review on the global distribution of
paediatric pneumococcal carriage.
serotypes (rank)
PCV7 4 (18), 6B (2), 9 V (6), 14 (5), 18C (11), 19F (1), 23F (3)
PCV10 þ1 (31), 5 (38), 7F (32)
PCV13 þ3 (9), 6A (4), 19A (7)
PCV15 þ22F (27), 33F (24)
rsif.royalsocietypublishing.org
J.R.Soc.Interface
14:20170620
3
vaccine with 55% effective coverage decreased with increasing
vaccine valency in all three models (figure 2; electronic sup-
plementary material, figure S2). The effect of including more
VTs was least visible in M_CL where only inclusion of almost
all serotypes (15 or more) reduced the impact on VT carriage
to allow VT circulation. The M_B predicted the steepest
decrease in vaccine impact on VT prevalence as a result of
inclusion of highly and moderately competitive serotypes.
However, further inclusion of weakly competitive serotypes,
which were hardly carried in this scenario, did not change the
impact of vaccination. Similar dynamics were observed for
older individuals and the high transmission scenario; however,
M_F predicted a small initial increase in vaccine impact on VT
carriage before the impact decreased for higher valencies.
The impact of vaccination on all serotype carriagemeasured
10 years after the start of vaccination with a vaccine with 55%
effective coverage generally increased with increasing valency.
However, for the high transmission scenario, M_CL predicted
an increase in overall pneumococcal carriage through the
inclusion of almost all serotypes into the vaccine formulation.
Only for valencies of 19 and higher, M_CL predicted a
reduction in all serotype carriage prevalence.
The PCV7-like and PCV10-like as well as the PCV13-like
and PCV15-like vaccines were indistinguishable. This is
because the global prevalence ranks of the respectively added
serotypes were larger than the number of serotypes considered
in this analysis and hence omitted. All three models predicted
that the impact of vaccination against paediatric VT carriage
is similar (less than 5% difference) across the PCV-like formu-
lation (figure 3). However, differences in vaccine impact on
carriagewith any serotypeweremore pronounced but followed
the dynamics of the generic vaccine; i.e. inclusion of more sero-
types further reduced carriage prevalence, except in M_CL in
the high transmission scenario.
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Consistent with the effect of increasing valency on vaccine
impact, increasing the valency of the generic vaccine formu-
lation was predicted to increase the effective coverage needed
to eliminate VT carriage in both children and older indivi-
duals and in both moderate and high transmission intensity
settings (figure 4). In all three models VT elimination in the
general population required less than 10% additional effective
coverage compared with elimination of VT carriage among
children. In contrast with the other models, M_CL predicted
that addition of up to half of all serotypes into the generic
vaccine formulation would not have a profound effect on the
effective coverage needed for elimination of VT carriage.
Only inclusion of at least 10 serotypes or 15 serotypes in the
moderate and high transmission scenario, respectively,
would see the need to increase the effective coverage. Elimin-
ation of pneumococci using a pan-valent vaccine was
impossible in M_F and also for the high transmission scenario
in M_B.
For PCV-like vaccines, a similar qualitative behaviour to
the generic vaccine formulations was predicted. The three
models predicted that the effective coverage needed to elim-
inate VT carriage in the population increases by 12, 2 and
11%, respectively, for the moderate transmission intensity set-
ting if a PCV13 or 15-like vaccine was used instead of a PCV7
or 10-like vaccine. In the high transmission intensity setting,
elimination of VT carriage for the two modelled vaccine
formulations was impossible in M_F, required effective cover-
age larger than 88 and 97% in M_B and required effective
coverage of 34 and 37% in M_CL.
4. Discussion
PCVs have substantially reduced the burden of pneumococcal
disease worldwide. However, through replacement with sero-
types not targeted by the vaccines, a sizeable burden remains
and has led to ongoing development of vaccines with higher
valency. Using qualitative results across three pneumococcal
models that span a variety of assumptions on the acquisition
of pneumococcal immunity and serotype competition, we
here show that serotype competition from NVTs aids VT elim-
ination. Accordingly, we show that targeting an increasing
number of serotypes increases the requirements on vaccine
efficacy and/or vaccine coverage to achieve elimination of
VT carriage. We predict that the relatively small differences
in the number of serotypes targeted by current PCV formu-
lations are unlikely to be substantial enough to lead to
measurable differences in the ease of VTelimination. However,
vaccines that target almost all serotypes may allow continued
circulation of the most competitive serotypes, even if the vac-
cine was given at high coverage and if the vaccine efficacy
against carriage was improved over the efficacy of PCVs.
Given the qualitative nature of this comparison, we have
only assessed the impact of vaccine valency on the potential
of elimination of pneumococcal carriage. The implications
of the results for the disease impact of a switch from
current PCV formulations to a pan-valent vaccine are complex.
Increasing vaccine valency could lead to a net increase in pneu-
mococcal disease burden if two conditions are met: first, the
highly competitive serotypes are controlled only through avac-
cine with limited valency and are also highly pathogenic and
second, the types not targeted by the formulation with limited
valency rarely cause disease. In this case, the small disease
benefit of controlling more serotypes could be outweighed by
the increased circulation of the serotypes in the limited-valency
vaccine. The expansion of PCV formulations to incorporate
additional serotypes that are responsible for significant
amounts of disease has tended to emphasize highly invasive
serotypes, thereby minimizing the potential problem we high-
light for expansions of the valency of PCVs. Also, a method for
selecting serotypes has been proposed thatwould furthermini-
mize the issue of serotype replacement for higher-valency
PCVs [42].
In vaccinated persons, these unintended effects might be
fully or partially offset through the additional direct vaccine
protection against disease, given that PCV formulations
thus far have provided greater than 80% protection against
disease, with lower efficacy against carriage [41,43–45].
This implies that unintended effects of increased valency of
vaccines might be of greatest concern, and thus most deser-
ving of surveillance, in age groups within a population that
has not been vaccinated, such as healthy adults. We empha-
size that the model-comparison exercise here was designed
to assess general trends in the behaviours of the models,
rather than to predict specifically how a higher-valency vac-
cine would act in a particular population. Setting-specific
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model parametrization is required to allow quantification
of the differential impact of vaccine of varying valency on
pneumococcal disease.
The principal outcome of this study is that all three
models consistently predicted the same qualitative behaviour
in response to increasing vaccine valency.We find that serotype
competition aids VT elimination and hence that increasing the
valency of pneumococcal vaccines increases the herd immunity
threshold. For each model, this result was consistent across
moderate and high transmission settings and for different
vaccine formulations (figures 2 and 3). The finding was also
consistent when we explored the impact of a vaccine with a
given efficacy and when we estimated the effective coverage
needed for VT elimination (figures 2 and 4). Similar to other
model-comparison studies that assessed vaccine impact, we
did not systematically test the sensitivity of eachmodel’s predic-
tion to its ecological assumptions but rather used the differences
in assumptions between models to conclude whether our find-
ings are robust [39,46]. In particular, our principal qualitative
results were consistent across models despite different model
assumptions on the underlying demography, the mechanisms
of between serotype competition and the immune memory
induced by both pneumococcal infection and vaccination.
While none of the three models has been fitted to post-
vaccination data, and only M_B was fitted to pre-vaccine
data, they all replicate the observed epidemiology in that they
predict that a PCV-like vaccine will eliminate most VT carriage
within a few years after introduction and that NVTs will
almost completely take over the ecological niche so that overall
pneumococcal carriage prevalence remains unchanged.
Wemade the simplifying assumption that serotype-specific
direct vaccine effects are the same across vaccines and targeted
serotypes and that they follow those of current PCV formu-
lations; i.e. an approximately 55% efficacy against carriage
acquisition of any targeted serotype [41]. However, because
of the complexities involved in the conjugation procedure of
PCVs, it is unlikely that using current techniques, PCVs will
be able to target more than 20 of the over 90 pneumococcal
serotypes [47]. Vaccines that target common proteins rather
than specific capsules, on the other hand, may prevent pneu-
mococcal disease by different mechanisms, e.g. enhanced
IL-17A-mediated nasopharyngeal clearance rather than pre-
vention of acquisition [48]. While inference of the differential
population impact of specific pneumococcal vaccines would
require a more precise parametrization including the focus
on a specific setting, the qualitative results of this work are
likely to similarly apply.
In a few instances, the models predicted changes to
pneumococcal ecology following vaccination that seem
counterintuitive at first. In the high transmission scenario,
M_CL predicted that overall paediatric carriage prevalence
would stay relatively constant (less than 5% change) for vac-
cines that included up to eight of the most competitive
serotypes. However, if more serotypes were targeted by the
vaccine, then carriage prevalence increased by up to 40%.
Only if at least 19 serotypes were targeted, carriage prevalence
was found to decrease (figure 2). This finding is unique to this
model because of its inclusion of a gradient in type-specific
ability to prevent additional acquisition: carriers of highly com-
petitive serotypes are more protected against acquisition of
further serotypes. By protecting against the most competitive
serotypes through vaccination, the remaining serotypes are
under less pressure from competition to a point where they
act almost independently. For vaccines that target between 9
and 18 of all serotypes in the high transmission setting, the
prevalence of untargeted serotype in the virtual absence of
competition then adds up to exceed the overall prevalence
before vaccination (electronic supplementary material,
figure S1). Furthermore, in M_CL, the impact of vaccination
with low valency vaccines is similar in both transmission
settings but slightly higher for moderate to high-valency
vaccines in high transmission settings than in moderate trans-
mission settings. By contrast, most models including M_B and
M_F predict that transmission intensity and the herd immunity
threshold are always positively correlated [49]. In M_CL, that
same effect is evident only for vaccines that target all serotypes.
For vaccines that target most pneumococci, this model predicts
a substantial increase in overall pneumococcal prevalence in
high transmission scenarios. The enhanced presence of NVTs
in this scenario helps to control VT circulation slightly better
than vaccination in a moderate transmission scenario with
less transmissible VTs but also lower NVT carriage prevalence
and less competition as a result. When assuming 55% effective
coverage in the high transmission scenario, M_F predicted
that increasing the valency to up to 15 serotypes leads to a
small increase in vaccine impact on VT carriage. This is
qualitatively different from all other models and scenarios pre-
sented here. This is a result of comparing the impact of
vaccination on a different number of serotypes. In particular,
reduction in carriage prevalence of, for example, serotype ‘1’
as a result of vaccination in the high transmission scenario
steadily declines with increasing valency in M_F (figure 2).
However, the indirect effect of vaccination against serotypes
of lower prevalence is greater and hence comparing the
impact of vaccination on all vaccine serotypes includes both
the counteracting trends. Only in the high transmission setting,
inM_F is a net increase in vaccine effects against VTs predicted
for low valency vaccines.
While the models agree well on the qualitative relation
between vaccine valency and the herd immunity threshold,
we have observed stark differences in the quantitative results.
For example, M_CL predicted that much lower effective cover-
age is required for elimination of VT carriage. Many factors
contribute to this observation and some could be addressed
bymore detailed harmonization of the models to a specific set-
ting. However, two intrinsic model assumptions likely drive
this behaviour: (i) the strength of vaccine protection and
(ii) the strength of serotype competition. M_CL assumes a
relatively strong vaccine protection by reducing susceptibility
to VT acquisition permanently after vaccination. M_F assumes
vaccine protection, albeit non-leaky, to only hold for 10 years,
while M_B also assumes lifelong protection from vaccination,
although modelled as all-or-nothing and hence even stronger
than in M_CL. While the evidence suggests PCVs to be leaky
[50], little is known about upcoming pan-valent vaccines.
Vaccine protection has been found to remain present 5 years
after completion after childhood immunization [51], but there
is some evidence that protection declines over time albeit
with a half-life that exceeds 5 years [41]. Further, M_CL has
the weakest serotype competition of the models by assuming
leaky protection against heterologous acquisition of additional
colonizing strains during carriage with the most competitive
serotypes providing stronger protection against new acqui-
sition. In comparison, M_B and M_F, respectively, assume
competitive exclusion on acquisition and potential co-infection
but only after non-leaky heterologous immunity following
rsif.royalsocietypublishing.org
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acquisition has ended. With the relatively weak competition of
serotypes inM_CL, a targeted paediatric carriage prevalence is
achieved with lower transmission intensity. This in turn will
ease elimination of vaccine serotypes in comparison to the
other models where transmission is more intense. Recent
advances in molecular serotyping methods have shown
the pneumococci frequently co-colonize [52,53]. While
epidemiological studies suggest that carriage induces both
homologous and heterologous protection such protection from
a single episode of carriage likely is relatively weak [25,54,55].
5. Conclusion
Using three different modelling approaches for pneumococcal
ecology that represent a range of alternative assumptions on
pneumococcal immunity and serotype competition, we
found that NVT competition helps vaccines of limited valen-
cies eliminate VT carriage. This implies that new vaccines
that targeted the majority of pneumococcal serotypes will
benefit less from NVT competition and are likely to offer
less indirect protection than current PCVs. Head-to-head com-
parison of current PCVswith high-valency vaccines should not
only be on the grounds of non-inferiority of direct effects but
should also account for indirect effects, and closely monitor
IPD endpoints.
Data accessibility. All data generated or analysed during this study are
included in this article and its electronic supplementary material.
The model code is available from the authors on reasonable request.
Authors’ contributions. S.F. and M.L. conceptualized the study. G.L.M.
performed the simulations. S.F., M.L. and C.B. interpreted the results.
S.F. wrote the manuscript with significant contributions from G.L.M.,
M.L. and C.B. All authors have read and approved the final
manuscript.
Competing interests. M.L. has received research funding from PATH and
Pfizer, and honoraria/consulting fees from Affinivax, Pfizer and
Antigen Discovery. G.L.M., C.B. and S.F. declare that they have no
competing interests.
Funding. This work was supported by the Bill and Melinda Gates
Foundation (investment ID OPP1125745) and the US NIH (R01
AI048935).
References
1. Weinberger DM et al. 2009 Pneumococcal capsular
polysaccharide structure predicts serotype
prevalence. PLoS Pathog. 5, e1000476. (doi:10.
1371/journal.ppat.1000476)
2. Henriques-Normark B, Tuomanen EI. 2013 The
pneumococcus: epidemiology, microbiology, and
pathogenesis. Cold Spring Harb. Perspect. Med. 3,
a010215. (doi:10.1101/cshperspect.a010215)
3. O’Brien KL et al. 2009 Burden of disease caused by
Streptococcus pneumoniae in children younger than
5 years: global estimates. Lancet 374, 893–902.
(doi:10.1016/S0140-6736(09)61204-6)
4. Centers for Disease Control and Prevention (CDC)
2016 Pink book—pneumococcal disease. https://
www.cdc.gov/vaccines/pubs/pinkbook/downloads/
pneumo.pdf (accessed 15 June 2016).
5. Waight PA, Andrews NJ, Ladhani SN, Sheppard CL,
Slack MPE, Miller E. 2015 Effect of the 13-valent
pneumococcal conjugate vaccine on invasive
pneumococcal disease in England and Wales 4 years
after its introduction: an observational cohort study.
Lancet Infect. Dis. 3099, 1–9.
6. Moore MR et al. 2016 Effectiveness of 13-valent
pneumococcal conjugate vaccine for prevention of
invasive pneumococcal disease in children in the
USA: a matched case–control study. Lancet Respir.
Med. 4, 399–406. (doi:10.1016/S2213-2600(16)
00052-7)
7. Angoulvant F et al. 2014 Early impact of 13-valent
pneumococcal conjugate vaccine on community-
acquired pneumonia in children. Clin. Infect. Dis. 58,
918–924. (doi:10.1093/cid/ciu006)
8. Harboe Z, Dalby T. 2014 Impact of 13-valent
pneumococcal conjugate vaccination in invasive
pneumococcal disease incidence and mortality.
Infect. Dis. 59, 1066–1073. (doi:10.1093/
cid/ciu524)
9. Ru¨ckinger S, van der Linden M, Siedler A, von Kries
R. 2011 Potential benefits from currently available
three pneumococcal vaccines for children—
population-based evaluation. Klin. Padiatr. 223,
61–64. (doi:10.1055/s-0030-1268465)
10. Weiss S, Falkenhorst G, van der Linden M, Imohl M,
von Kries R. 2015 Impact of 10- and 13-valent
pneumococcal conjugate vaccines on incidence of
invasive pneumococcal disease in children aged
under 16 years in Germany, 2009 to 2012. Euro
Surveill. 20, 21057.
11. Olarte L et al. 2015 Impact of the 13-valent
pneumococcal conjugate vaccine on pneumococcal
meningitis in U.S. children. Clin. Infect. Dis. 61,
767–775. (doi:10.1093/cid/civ368)
12. Greenberg D, Givon-Lavi N, Ben-Shimol S, Ziv JB,
Dagan R. 2015 Impact of PCV7/PCV13 introduction
on community-acquired alveolar pneumonia in
children ,5 years. Vaccine 33, 4623–4629.
(doi:10.1016/j.vaccine.2015.06.062)
13. Bruce MG, Singleton R, Bulkow L, Rudolph K, Zulz T,
Gounder P, Hurlburt D, Bruden D, Hennessy T. 2015
Impact of the 13-valent pneumococcal conjugate
vaccine (pcv13) on invasive pneumococcal disease
and carriage in Alaska. Vaccine 33, 4813–4819.
(doi:10.1016/j.vaccine.2015.07.080)
14. Ben-Shimol S, Givon-Lavi N, Leibovitz E, Raiz S,
Greenberg D, Dagan R. 2016 Impact of widespread
introduction of pneumococcal conjugate vaccines on
pneumococcal and nonpneumococcal otitis media.
Clin. Infect. Dis. 63, 611–618 ciw347. (doi:10.1093/
cid/ciw347)
15. Feikin DR et al. 2013 Serotype-specific changes in
invasive pneumococcal disease after pneumococcal
conjugate vaccine introduction: a pooled analysis of
multiple surveillance sites. PLoS Med. 10, e1001517.
(doi:10.1371/journal.pmed.1001517)
16. Weinberger DM, Malley R, Lipsitch M. 2011
Serotype replacement in disease after pneumococcal
vaccination. Lancet 378, 1962–1973. (doi:10.1016/
S0140-6736(10)62225-8)
17. Flasche S, Le Polain de Waroux O, O’Brien KL,
Edmunds WJ. 2015 The serotype distribution among
healthy carriers before vaccination is essential for
predicting the impact of pneumococcal conjugate
vaccine on invasive disease. PLoS Comput. Biol. 11,
e1004173. (doi:10.1371/journal.pcbi.1004173)
18. Weinberger DM, Malley R, Lipsitch M, Mulholland K,
Satzke C. 2012 Serotype replacement after
pneumococcal vaccination—authors’ reply. Lancet 379,
1388–1389. (doi:10.1016/S0140-6736(12)60591-1)
19. Alderson MR. 2016 Status of vaccine research and
development of pediatric vaccines for Streptococcus
pneumoniae. Vaccine 34, 2959–2961. (doi:10.1016/
j.vaccine.2016.03.107)
20. Flasche S, Edmunds WJ, Miller E, Goldblatt D,
Robertson C, Choi YH. 2013 The impact of specific
and non-specific immunity on the ecology of
Streptococcus pneumoniae and the implications for
vaccination. Proc. R. Soc. B 280, 20131939. (doi:10.
1098/rspb.2013.1939)
21. Bottomley C, Roca A, Hill PC, Greenwood B, Isham
V. 2013 A mathematical model of serotype
replacement in pneumococcal carriage following
vaccination. J. R. Soc. Interface 10, 20130786.
(doi:10.1098/rsif.2013.0786)
22. Lipsitch M. 1997 Vaccination against colonizing
bacteria with multiple serotypes. Proc. Natl Acad. Sci.
USA 94, 6571–6576. (doi:10.1073/pnas.94.12.6571)
23. Trzcin´ski K, Li Y, Weinberger DM, Thompson CM,
Cordy D, Bessolo A, Malley R, Lipsitch M. 2015
Effect of serotype on pneumococcal competition in
a mouse colonization model. MBio 6, e00902-15.
(doi:10.1128/mBio.00902-15)
rsif.royalsocietypublishing.org
J.R.Soc.Interface
14:20170620
8
24. Paterson GK, Mitchell TJ. 2006 Innate immunity and
the pneumococcus. Microbiology 152, 285–293.
(doi:10.1099/mic.0.28551-0)
25. Granat SM, Ollgren J, Herva E, Mia Z, Auranen K,
Ma¨kela¨ PH. 2009 Epidemiological evidence for
serotype-independent acquired immunity to
pneumococcal carriage. J. Infect. Dis. 200, 99–106.
(doi:10.1086/599364)
26. Malley R, Trzcinski K, Srivastava A, Thompson CM,
Anderson PW, Lipsitch M. 2005 CD4þ T cells
mediate antibody-independent acquired immunity
to pneumococcal colonization. Proc. Natl Acad. Sci.
USA 102, 4848–4853. (doi:10.1073/pnas.
0501254102)
27. Lu Y-J et al. 2008 Interleukin-17A mediates
acquired immunity to pneumococcal colonization.
PLoS Pathog. 4, e1000159. (doi:10.1371/journal.
ppat.1000159)
28. Cobey S, Lipsitch M. 2012 Niche and neutral effects
of acquired immunity permit coexistence of
pneumococcal serotypes. Science 335, 1376–1380.
(doi:10.1126/science.1215947)
29. Gray BM, Converse GM, Dillon HC. 1980
Epidemiologic studies of Streptococcus pneumoniae
in infants: acquisition, carriage, and infection during
the first 24 months of life. J. Infect. Dis. 142,
923–933. (doi:10.1093/infdis/142.6.923)
30. Choi YH, Jit M, Gay N, Andrews N, Waight PA,
Melegaro A, George R, Miller E. 2011 7-Valent
pneumococcal conjugate vaccination in England and
Wales: is it still beneficial despite high levels of
serotype replacement? PLoS ONE 6, e26190. (doi:10.
1371/journal.pone.0026190)
31. Choi YH, Jit M, Flasche S, Gay N, Miller E. 2012
Mathematical modelling long-term effects of
replacing Prevnar7 with Prevnar13 on invasive
pneumococcal diseases in England and Wales. PLoS
ONE 7, e39927. (doi:10.1371/journal.pone.0039927)
32. Nurhonen M, Cheng AC, Auranen K. 2013
Pneumococcal transmission and disease in silico: a
microsimulation model of the indirect effects of
vaccination. PLoS ONE 8, e56079. (doi:10.1371/
journal.pone.0056079)
33. Van Effelterre T et al. 2010 A dynamic model of
pneumococcal infection in the United States:
implications for prevention through vaccination.
Vaccine 28, 3650–3660. (doi:10.1016/j.vaccine.
2010.03.030)
34. De Cao E, Melegaro A, Klok R, Postma M. 2014
Optimising assessments of the epidemiological
impact in the Netherlands of paediatric
immunisation with 13-valent pneumococcal
conjugate vaccine using dynamic transmission
modelling. PLoS ONE 9, e89415. (doi:10.1371/
journal.pone.0089415)
35. Gjini E. 2017 Geographic variation in pneumococcal
vaccine efficacy estimated from dynamic modeling
of epidemiological data post-PCV7. Sci. Rep. 7,
3049. (doi:10.1038/s41598-017-02955-y)
36. Ojal J et al. 2017 Sustained reduction in vaccine-type
invasive pneumococcal disease despite waning effects
of a catch-up campaign in Kilifi, Kenya: a mathematical
model based on pre-vaccination data. Vaccine 35,
4561–4568. (doi:10.1016/j.vaccine.2017.07.019)
37. Flasche S, Ojal J, Le Polain de Waroux O, Otiende M,
O’Brien KL, Kiti M, Nokes DJ, Edmunds WJ, Scott
JAG. 2017 Assessing the efficiency of catch-up
campaigns for the introduction of pneumococcal
conjugate vaccine: a modelling study based on data
from PCV10 introduction in Kilifi, Kenya. BMC Med.
15, 113. (doi:10.1186/s12916-017-0882-9)
38. Melegaro A, Choi YYH, George R, Edmunds WJ,
Miller E, Gay NJ. 2010 Dynamic models of
pneumococcal carriage and the impact of the
heptavalent pneumococcal conjugate vaccine on
invasive pneumococcal disease. Infect. Dis. 10, 90.
(doi:10.1186/1471-2334-10-90)
39. Flasche S et al. 2016 The long-term safety, public
health impact, and cost-effectiveness of routine
vaccination with a recombinant, live-attenuated
dengue vaccine (Dengvaxia): a model comparison
study. PLoS Med. 13, e1002181. (doi:10.1371/
journal.pmed.1002181)
40. Hanage WP, Finkelstein JA, Huang SS, Pelton SI,
Stevenson AE, Kleinman K, Hinrichsen VL, Fraser C.
2010 Evidence that pneumococcal serotype
replacement in Massachusetts following conjugate
vaccination is now complete. Epidemics 2, 80–84.
(doi:10.1016/j.epidem.2010.03.005)
41. Le Polain De Waroux O, Flasche S, Prieto-Merino D,
Goldblatt D, Edmunds WJ. 2015 The efficacy and
duration of protection of pneumococcal conjugate
vaccines against nasopharyngeal carriage. Pediatr.
Infect. Dis. J. 34, 858–864. (doi:10.1097/INF.
0000000000000717)
42. Nurhonen M, Auranen K. 2014 Optimal serotype
compositions for pneumococcal conjugate
vaccination under serotype replacement. PLoS
Comput. Biol. 10, e1003477. (doi:10.1371/journal.
pcbi.1003477)
43. Tregnaghi MW et al. 2014 Efficacy of pneumococcal
nontypable Haemophilus influenzae protein D
conjugate vaccine (PHiD-CV) in young Latin
American children: a double-blind randomized
controlled trial. PLoS Med. 11, e1001657. (doi:10.
1371/journal.pmed.1001657)
44. Cutts FT et al. 2005 Efficacy of nine-valent
pneumococcal conjugate vaccine against pneumonia
and invasive pneumococcal disease in the Gambia:
randomised, double-blind, placebo-controlled trial.
Lancet 365, 1139–1146. (doi:10.1016/S0140-
6736(05)71876-6)
45. O’Brien KL et al. 2003 Efficacy and safety of seven-
valent conjugate pneumococcal vaccine in American
Indian children: group randomised trial. Lancet 362,
355–361. (doi:10.1016/S0140-6736(03)14022-6)
46. Penny MA et al. 2016 Public health impact and
cost-effectiveness of the RTS,S/AS01 malaria
vaccine: a systematic comparison of predictions from
four mathematical models. Lancet 387, 367–375.
(doi:10.1016/S0140-6736(15)00725-4)
47. Rodgers GL, Klugman KP. 2011 The future of
pneumococcal disease prevention. Vaccine 29(Suppl.
3), C43–C48. (doi:10.1016/j.vaccine.2011.07.047)
48. Malley R, Anderson PW. 2012 Serotype-independent
pneumococcal experimental vaccines that induce
cellular as well as humoral immunity. Proc. Natl
Acad. Sci. USA 109, 3623–3627. (doi:10.1073/pnas.
1121383109)
49. Fine P, Eames K, Heymann DL. 2011 ‘Herd
immunity’: a rough guide. Clin. Infect. Dis. 52,
911–916. (doi:10.1093/cid/cir007)
50. Dagan R, Givon-Lavi N, Fraser D, Lipsitch M, Siber
GR, Kohberger R. 2005 Serum serotype-specific
pneumococcal anticapsular immunoglobulin g
concentrations after immunization with a 9-valent
conjugate pneumococcal vaccine correlate with
nasopharyngeal acquisition of pneumococcus.
J. Infect. Dis. 192, 367–376. (doi:10.1086/431679)
51. Madhi SA, Adrian P, Kuwanda L, Cutland C, Albrich
WC, Klugman KP. 2007 Long-term effect of
pneumococcal conjugate vaccine on nasopharyngeal
colonization by Streptococcus pneumoniae—and
associated interactions with Staphylococcus aureus
and Haemophilus influenzae colonization—in HIV-
infected and HIV-uninfected children. J. Infect. Dis.
196, 1662–1666. (doi:10.1086/522164)
52. Turner P, Hinds J, Turner C, Jankhot A, Gould K,
Bentley SD, Nosten F, Goldblatt D. 2011 Improved
detection of nasopharyngeal co-colonization by
multiple pneumococcal serotypes using latex
agglutination or molecular serotyping by microarray.
J. Clin. Microbiol. 49, 1784–1789. (doi:10.1128/
JCM.00157-11)
53. Satzke C, Dunne EM, Porter BD, Klugman KP,
Mulholland EK. 2015 The PneuCarriage project:
a multi-centre comparative study to identify the
best serotyping methods for examining
pneumococcal carriage in vaccine evaluation studies.
PLoS Med. 12, e1001903. (doi:10.1371/journal.
pmed.1001903)
54. Weinberger DM, Dagan R, Givon-Lavi N, Regev-
Yochay G, Malley R, Lipsitch M. 2008 Epidemiologic
evidence for serotype-specific acquired immunity to
pneumococcal carriage. J. Infect. Dis. 197,
1511–1518. (doi:10.1086/587941)
55. Lipsitch M, Whitney CG, Zell E, Kaijalainen T, Dagan
R, Malley R. 2005 Are anticapsular antibodies the
primary mechanism of protection against invasive
pneumococcal disease? PLoS Med. 2, e15. (doi:10.
1371/journal.pmed.0020015)
rsif.royalsocietypublishing.org
J.R.Soc.Interface
14:20170620
9
